Abstract. Supra-nutritional selenium supplementation has emerged as an attractive new approach to intervene in a range of human cancers, in particular prostate cancer. However, scanty information is currently available on molecular mechanisms underlying selenium's anticancer action. The tumor suppressor p53 plays an important role in preventing transformation by transcriptional regulation of a range of genes that are involved in vital cell functions such as DNA repair, cell cycle arrest, and induction of apoptosis. Here we report that incubation of LNCaP human prostate cancer cells (p53 +/+) with a natural form of selenium triggers rapid transcriptional activation of p53, and upregulation of the expression of p53-target genes as well as induction of miR-34 class of microRNAs. Moreover, blocking p53 function by transfection of cells with a dominant-negative, mutated p53 gene, or by siRNA, significantly reduced selenium-induced expression of p53-target genes and induction of apoptosis. Since majority of the early-stage human prostate cancers bear functional p53 gene (p53+/+), our findings indicate that the anticancer action of selenium may involve transactivation of p53 as a potential mechanism, and suggest that selenite may be useful not only for prevention but also for treatment of human prostate cancer.
Introduction
Use of selenium as dietary supplement has turned out to be an attractive new approach to intervene a range of human cancers, such as prostate cancer, lung cancer, colon cancer (1) (2) (3) . This initiative is gathering momentum after the phenomenal discovery by Clark et al that showed ~63% reduction of prostate cancer incidence with nutritional supplementation of selenium as selenized yeast (4) . Higher toe nail selenium levels were observed to be associated with a 50% reduced risk of metastatic prostate cancer (5) . Role of selenium to reduce the risk of prostate cancer has been suggested by epidemiologic studies (6, 7) , and recently supported by randomized intervention trial, which indicated that a 4 to 5-fold increased risk of prostate cancer is associated with low plasma selenium (8) . Supplementation of dietary selenium is now gaining support both for the prevention and treatment of cancer based on the earlier findings and recent experimental data, though the results are not always conclusive as predictors of cancer development (9) , which suggests for the existence of additional factors influencing the outcome of the use of selenium in cancer management. As an essential trace element, selenium plays an important role as component of the active site of several cellular enzymes, particularly those responsible for detoxification (10, 11) . Thus, selenium is considered to be involved in the regulation of various cell functions including cell growth and apoptosis (12) . However, precise mechanisms of selenium's action preventing development and/or progression of prostate cancer are yet to be understood.
Selenium comes from both organic and inorganic sources. Natural selenium species, such as sodium-selenite (Na 2 SeO 3 ) and selenomethionine (SeMet) were observed to inhibit monolayer and anchorage-independent growth of a series of normal and cancerous prostate epithelial cells at various concentrations (13, 14) . Long-term treatment of LNCaP prostate cancer cells with selenite exhibited mitochondrial injury and cell death (15) . Thus, one possible mechanism of how selenium may control prostate cancer is by reducing cell growth and inducing cell death. Selenium has recently been reported to increase the activity of stress kinase to induce apoptosis in oral carcinoma cells and is known to affect cellular redox status by generating oxidative radicals that are deleterious to cell survival (16) (17) (18) . Selenide (a metabolite of selenite) is known to interfere with the action of lipoxygenases, in particular 5-lipoxygenase (5-Lox) by active site modification (19) (20) (21) (22) . Selenium increases the activity of glutathione peroxidase (GPx) including phospholipid hydroperoxide glutathione peroxidase (PHGPx) which by lowering cellular peroxide tone down-regulates the activity of cyclooxygenase and lipoxygenase enzymes (23). We reported earlier that selenium triggers caspase-dependent apoptosis in LNCaP human prostate cancer cells (but not in normal prostate epithelial cells), which is effectively prevented by exogenous metabolites of 5-Lox, 5(S)-HETE and 5-oxoETE (24) , suggesting that direct effect of selenium on cancer cells may include inhibition of 5-Lox activity. Later on, we observed that the p53-positive LNCaP cells are more sensitive to selenite than the p53-negative PC3 prostate cancer cells, suggesting that p53 may also play a role in selenium's effect on prostate cancer cells.
The tumor suppressor p53 is known to play a vital role in preventing the development and progression of cancer by virtue of its control over a range of other genes involved in a variety of cell functions, such as DNA repair, cell cycle arrest and induction of apoptosis, and thus p53 is aptly regarded as the 'Guardian of the genome' (25) (26) (27) (28) . p53 is a multi-domain protein, and is known to be activated by post-translational modifications (such as phosphorylation and acetylation) under conditions of various cellular emergencies (DNAdamage, stress stimuli) and to react promptly both in transcription-dependent and transcription-independent manner. The N-terminal domain of p53 (residues 1-73) regulates its transactivation function and harbors at least eight phosphorylation sites: serine 6, 9, 15, 20, 33, 37, 46, and Threonine 18 (25) (26) (27) (28) (29) . Phosphorylation of the serine-15 residue plays a critical role in the transactivation function of p53 and happens soon after initiation of stress (30, 31) . p53 was observed to be required for induction of apoptosis in response to oxidative stress and radiation exposure, and found to be associated with chemotherapy-induced cell death (32) (33) (34) . A well characterized mechanism for p53 function is by induction of a number of target genes, such as p21, Bax, Noxa, PUMA, through transactivation (35) (36) (37) (38) . Since the apoptosis-inducing role of p53 is well characterized, we hypothesized that selenite-induced apoptosis in prostate cancer cells includes activation of p53 which also underlies as a mechanism for the differential sensitivity between p53-positive and p53-negative cancer cells.
Phosphorylation of p53 at serine-15 residue has been observed after selenium treatment (39) , suggesting that this phenomenon may be linked with the transcriptional activation of p53. However, details of the transcriptional activation of p53 by selenite (nuclear localization, DNA binding, transcription of target genes), its temporal relation to DNA damage signals, and the role of p53 in the regulation of selenite-induced apoptosis in prostate cancer cells are yet to be documented. We report here that selenite triggers rapid transcriptional activation of p53 in LNCaP prostate cancer cells which is detectable within 1-2 h post treatment, and that p53 plays an important role in seleniteinduced apoptosis. Since, majority of the early-stage prostate cancers bear functional p53 gene (40), our findings suggest that the anticancer action of selenium may include transcriptional activation of p53 as a potential mechanism.
Materials and methods
Cell culture and reagents. LNCaP human prostate cancer cells were purchased from American Type Culture Collection (Manassas, VA). Cells were routinely cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) plus 100 U/ml penicillin and 100 μg/ml streptomycin. Cultures were maintained at 37˚C in humidified CO 2 -incubator. Cells were fed with fresh medium every third day and passaged at a confluence of ~80%. Sodium selenite (Na 2 SeO 3 ) plus other fine chemicals were purchased from Sigma Chemical Company (St. Louis, MO). Pifithrin-· was purchased from Calbiochem (La Jolla, CA). Polyclonal antibodies against p53, phosphop53, histone-H2A.X, phospho-H2A.X, were purchased from Cell Signaling (Danvers, MA). Alexa-fluor 488-labeled goat anti-rabbit antibody was purchased from Invitrogen. Antibodies against p21, Bax, PIG3, and DR5 were from Santa Cruz Biotechnology (Santa Cruz, CA).
Western blot. For Western blot, cells (~3x10 5 ) were plated in RPMI medium 1640 supplemented with 10% FBS in 60 mm diameter dishes (Falcon) and allowed to grow for 48 h. The spent culture medium was then replaced with 2 ml fresh RPMI medium and the cells were treated with 2.5 μM selenite with or without other agents for varying periods of time. After treatment, cells were harvested, washed, and lysed in lysis buffer (50 mM HEPES buffer, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM vanadate, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 1% NP-40, and a cocktail of protease inhibitors). After removal of cell debris, proteins were separated by 15% SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked with 5% non-fat-milk solution and then blotted with appropriate primary antibody followed by peroxidase-labeled secondary antibody. Bands were visualized by enhanced chemiluminescence (ECL) detection technique (Amersham Corporation).
Microscopy. LNCaP prostate cancer cells (~2x10 5 ) were plated in RPMI medium 1640 supplemented with 10% FBS on cover glasses in 6-well tissue culture plates (Falcon) and allowed to grow for 48 h. The old medium was then replaced with 2 ml fresh RPMI medium and the cells were then treated with 2.5 μM selenite for varying periods of time at 37˚C in the CO 2 incubator. At the end of incubation periods, cells were fixed in 4% formaldehyde and permeabilized with 0.25% Triton X-100. After washing, cells were treated with primary rabbit anti-human p53 antibody overnight followed by secondary anti-rabbit IgG conjugated with Alexa-Fluor-488. Cover glasses were mounted on glass slides using VectaShield (with DAPI to counterstain nuclei) from Vector Laboratories, Burlingame, CA, and observed under Nikon fluorescence microscope. Photographs were taken with a digital camera at 40X. Image acquisition and data processing were done with a Dell computer attached to the microscope using SPOTAdvanced software.
Isolation of nuclei.
To detect nuclear accumulation of p53 after selenium treatment, LNCaP cells (~10 6 per plate) were plated in 100 mm diameter culture plates and allowed to grow for 48 h. Cells were then treated with 2.5 μM sodium selenite for varying periods of times. At the end of incubation periods, cells were harvested, washed and fractionated into nuclear and cytosolic components using a kit following a two-step protocol supplied by the manufacturer (Qiagen, Valencia, CA). Cytosolic (Cyt) and nuclear (Nu) proteins were processed for Western blot as described above. For purity analysis Lamin B and GAPDH were used as markers for nucleus and cytosol, respectively.
Transcription factor-DNA binding assay. For measuring the DNA-binding activity of p53 using specific p53-binding DNA sequence, LNCaP prostate cancer cells were plated and treated with 2.5 μM selenite as described above for isolation of nuclei. Nuclear fractions were then prepared and the DNA-binding activity of nuclear p53 with its consensus DNA sequence was measured using TransAM-p53 kit using 4 μg of nuclear proteins per assay following protocol supplied by the manufacturer (Active Motif, Carlsbad, CA).
RT-PCR.
For detecting transcription of p53-target genes after selenium treatment by reverse-transcriptase PCR, LNCaP prostate cancer cells (10 6 cells per plate) were plated in 100 mm diameter tissue culture plates and treated with selenium (2.5 μM selenite) for varying periods of time. After treatment, total RNAs were isolated using Qiagen mini kit (Qiagen, Valencia, CA). First strand cDNA synthesis and PCR reactions were performed using RT-Plus PCR kit (5-PRIME, Minneapolis, MN). Gene-specific primer sets were purchased from Integrated DNA Technologies (Coralville, IA) that are matched with Santa Cruz website (http://genome.ucsu.edu/). The following primer sets were used for PCR:
. PCR products were separated by 1.5% agarose gel and detected with ethidium bromide staining. Bands were analyzed with Eagle Eye II Darkroom Cabinet still-video imaging system using EagleSight-v3.1 software (Stratagene, La Jolla, CA).
Real-time PCR.
For detecting expression of hsa-miR-34a/b/c, LNCaP cells were plated and treated with 2.5 μM selenite as described above, and total RNAs were isolated using mirVana miRNA isolation kit (Ambion catalog no. 1561). RNA concentration was measured by NanoDrop ND-1000 spectrophotometer, and reverse transcription was performed using TaqMan MicroRNA Reverse Transcription kit from Applied Biosystems (ABI no. 4366596). Stem-loop real-time PCR of hsa-miR-34a, hsa-miR-34b, hsa-miR-34c, and RNU6B (endogenous control) were performed using TaqMan MicroRNA Assay kits (ABI no. 4373278, no. 4373037, no. 4373036 and no. 4373381, respectively) on an ABI 7500 real time PCR system for 40 cycles. All PCR reactions were performed three times in quadruplicates and gene expression was normalized to RNU6B. Data analyses were performed with 7500 system SDS software (ABI). Statistical analyses were performed with Prism 4.03 software (GraphPad, Inc., San Diego, CA).
Apoptosis measurement. Apoptosis was quantitatively measured by detecting degradation of nuclear DNA to nucleosomal fragments by sandwich-ELISA. Prostate cancer cells (~300,000 per plate) were plated in 60 mm diameter tissue culture dishes (Falcon) and allowed to grow for 48 h. Cells were then treated either with the experimental agents or solvent controls for periods up to 16 h. At the end of incubation periods, cells were harvested, lysed, and the degradation of nuclear DNA to nucleosomal fragments was studied by Cell Death Detection ELISA plus following instructions supplied by the manufacturer (Roche, Indianapolis, IN). Cell lysates equivalent to 4,000 cells were used per assay.
RNA interference and gene-targeting.
To understand the role of p53 in selenium-induced apoptosis, LNCaP cells (3x10 5 ) were plated in 60 mm diameter plates in duplicates. The next day, cells were treated with siRNA against p53, or controlsiRNA, mixed with non-toxic doses of lipid-based transfection reagent (MIRUS, Madison, WI) for 48 h at 37˚C in the incubator. Then the cells were treated with 2.5 μM selenite, or media only, for 16 h. At the end of incubation period, one set of cells were used for Western blot analysis of p53 and its target genes (p21, Bax, DR5, PIG3), and the duplicate set of cells were used for apoptosis measurement by Cell Death ELISA.
In another set of experiments, parental LNCaP cells and the dominant-negative mutated p53 gene-transfected LNCaP cells (LN-P151S; courtesy of Dr R. deVere White, UC Davis, CA) were plated and treated with 2.5 μM selenite for 16 h. At the end of incubation period, cells were lysed and one set of cells were used for Western blot analysis of p53 and p53-target genes, and the duplicate set was used for apoptosis measurement. Apoptosis was measured by Cell Death ELISA.
Results
Selenite triggers rapid phosphorylation of the tumor suppressor p53 at the N-terminal serine-15 residue. To understand the molecular mechanism of selenium-induced apoptosis in prostate cancer cells, we analyzed early events associated with mitochondrial and cell death receptor-mediated apoptosis pathways. Since we observed that physiological selenium readily induces apoptosis in the p53-positive (p53 +/+) LNCaP prostate cancer cells, whereas the p53-negative (p53-/-) PC3 prostate cancer cells requires higher dose, we tested whether the selenium-induced apoptosis in LNCaP prostate cancer cells involves activation of the tumor suppressor p53. Phosphorylation of p53 at the N-terminal serine-15 residue is known to be linked with its transcriptional activation. We tested whether treatment with selenite phosphorylates p53 at the serine-15 residue in LNCaP prostate cancer cells. We observed that selenium (2.5 μM sodium selenite) induces phosphorylation of p53 at serine-15 residue in a time-dependent manner, which is detectable within an hour post treatment (Fig. 1) . Amount of total p53 protein was also increased upon selenite treatment presumably due to stabilization of p53 protein after phosphorylation. These findings show a rapid effect of selenium on phosphorylation and stabilization of the tumor suppressor p53 prostate cancer cells.
Selenium-induced phosphorylation of p53 at serine-15 in prostate cancer cells is independent/upstream of DNA damage signals.
Phosphorylation of p53 at serine-15 is known to occur upon DNA damage signals (double strand breaks) via activation of ATM and other related kinases. Recently, DNAdamage independent activation of ATM kinase and phosphorylation of p53 at serine-15 has been observed upon treatment with chloroquine and indole-3-carbinol (41, 42) . Thus, we wanted to know whether DNA double strand breaks occur in LNCaP cells upon treatment with selenite. Interestingly, we observed that phosphorylation of the DNA damage-indicator histone, (H2A.X), occurs only at 4-6 h post selenium treatment (Fig. 2A) . The phosphorylation of H2A.X corresponds to the apoptotic degradation of chromatin DNA to nucleosomal fragments (Fig. 2B ) which involves DNA 'double strand breaks'. Thus, our results suggest that selenium-induced phosphorylation of p53 at serine-15 residue is an earlier event than phosphorylation of H2A.X at serine-139 which correlates with DNA breakage.
Selenium induces enrichment of p53 in the nuclei within hours of treatment. Phosphorylation of p53 at the N-terminal serine-15 residue is particularly significant because, i) it dissociates p53 from the E3 ubiquitin ligase HDM2 (MDM2 in mice) which promotes degradation of p53 via ubiquitination, and ii) it blocks the nuclear export signal of p53 (33, 34, 43, 44) . Thus, phosphorylation of p53 at serine-15 residue increases nuclear accumulation of p53 molecules. We wanted to investigate whether selenite-induced phosphorylation of p53 in prostate cancer cells leads to an increase in the accumulation of p53 in the nuclei. We observed that when LNCaP prostate cancer cells were treated with selenite, a pronounced accumulation of p53 occurs within the nuclei in a time-dependent manner (Fig. 3A) . In control, 4 out of 38 cells (10.5%) showed increased levels of p53, whereas 11 out of 32 (34.3%), 17 out of 38 (44.7%), and 18 out of 21 (85.7%) cells showed increased levels of nuclear p53 after 1, 2 and 4 h of selenite treatment, respectively (Fig. 3B) . Nuclear accumulation of both phosphorylated and total p53 proteins were also observed to be increased by Western blot analysis upon selenium treatment (Fig. 3C) .
Increased DNA-binding activity of nuclear p53 in prostate cancer cells upon selenium treatment. Increased nuclear accumulation of p53 upon selenium treatment was suggestive of transcriptional activation of p53 which involves tetramerization and DNA-binding. We next examined the DNAbinding activity of nuclear p53 using consensus sequence of p53-binding DNA element. The p53 consensus sequence was initially defined as two copies of the 10-bp motif consensus DNA sequence 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3' separated by 0-13 base pairs (45) . We used the following DNA sequence, 5'-GGACATGCCCGGGCATGTCC-3', for the p53 binding assay. We observed that the binding activity of nuclear p53 with its consensus sequence of DNA increased in a time-dependent manner which is detectable as early as an hour post treatment (Fig. 4) . Moreover, the DNA-binding 
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activity of p53 positively correlated with the time course of its nuclear enrichment, suggesting that the nuclear p53 is transcriptionally active.
Treatment with selenium induces rapid transcription of p53-target genes in prostate cancer cells.
To confirm that the increased DNA-binding activity of nuclear p53 in prostate cancer cells is because of transcriptional activation of p53, we examined endogenous transcription of p53-target genes upon selenite treatment in these cells. Our results show a distinct time-dependent induction of several p53 target genes (p21, Bax, and DR5) in LNCaP prostate cancer cells after selenite treatment (Fig. 5A) . Interestingly, we observed that not all the p53 target genes showed uniform time-dependent induction upon selenium treatment, suggesting a preferential activation of the promoters of some genes by p53 in these cells for transcription. MicroRNA-34 (miR-34) has recently been characterized as transcriptional target of p53 (46) (47) (48) . We wanted to see whether activation of p53 by selenite also induces transcription of miR-34 in prostate cancer cells. By stem-loop RT-PCR we observed that treatment with selenite induced expression of miR-34b and miR-34c, but not miR-34a in LNCaP cells (Fig. 5B) . This finding suggests that selenite-induced growth arrest and apoptosis include a microRNA component that may also play an active role in the anti-cancer action of selenium. Figure 4 . DNA-binding activity of p53 after selenium treatment. LNCaP cells were plated, treated with 2.5 μM selenite, and nuclear fractions were prepared as described in Fig. 3 above. Binding of nuclear p53 with its consensus DNA sequence was measured with TransAM-p53 kit using 4 μg of nuclear proteins per assay following protocol supplied by the manufacturer. Data represent mean value of triplicate determinations ± SEM.
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We investigated whether increased production of messages of p53-target genes upon selenium treatment proceeds up to increased protein levels via translation. We observed that selenium treatment increased the protein-levels of several p53 target genes, such as p21, Bax, DR5, and PIG-3 (Fig. 5C) . Interestingly, increase in protein levels of p53 target genes was observed at different time points after selenium treatment with p21 being the earliest.
The tumor suppressor p53 plays a causal role in seleniteinduced apoptosis in prostate cancer cells. Rapid activation of p53 via phosphorylation upon selenite treatment prompted us to verify whether the tumor suppressor p53 plays any role in selenium-induced apoptosis induction in prostate cancer cells. We addressed this question by inhibiting p53 function in LNCaP cells by pre-treatment with a pharmacological inhibitor of p53, pifithrin ·. We observed that seleniuminduced apoptosis in LNCaP cells was significantly prevented when the cells were pre-treated with pifithrin-·, suggesting that activation of p53 in prostate cancer cells may play a causal role in selenium-induced apoptosis (Fig. 6A) .
In another set of experiments, we used a derivative of LNCaP prostate cancer cells stably transfected with a dominant-negative mutated p53 gene (LNCaP-P151S) and treated these cells with selenium in parallel experiment with parental LNCaP cells in the same experimental conditions. We observed marked reduction of apoptotic DNA degradation in LNCaP-P151S cells by selenium which is also accompanied by dramatic down-regulation of the expression of p53 target genes, such as p21, Bax, and PIG-3 (Fig. 6B) .
We also tested the effect of p53 knockdown on seleniuminduced apoptosis in LNCaP prostate cancer cells by treating cells with small interfering-RNA (siRNA) against p53. Our results show that treatment of cells with siRNA against p53 reduced the expression of p53 as well as p53-target genes, and also reduced selenium-induced apoptotic degradation of DNA (Fig. 6C ). These observations suggest that the tumor suppressor p53 plays an active role in selenium-induced apoptosis in prostate cancer cells.
Discussion
We observed that selenite triggers rapid phosphorylation of the tumor suppressor p53, at the N-terminal Box-1 serine-15 residue which is apparent as early as 60 min post treatment (Fig. 1) . We also observed increased levels of p53 protein upon selenium treatment, suggesting for its stabilization presumably due to phosphorylation at serine-15. The p53 tumor suppressor gene produces a highly labile protein transcription factor that is activated by a wide range of cellular stresses. Phosphorylation of serine-15 prevents binding of p53 with MDM2 which otherwise degrades p53 through ubiquitination and proteasomal action (43, 44) , and helps p53 for its transcriptional activation by increasing the level of nuclear p53. Additionally, Ser-15 phosphorylation increases p53-dependent transcription via modulating its affinity to interact with transcriptional co-activators such as p300/CBP (49) . Thus, phosphorylation of p53 protein at the serine-15 residue is an indicator of its transcriptional activation. ATR have also been observed to phosphorylate p53 at the Nterminal serine-15 residue (50-52). We wanted to explore whether selenite-induced p53 serine-15 phosphorylation takes place when detectable DNA damage signals occur, because both for (39) and against (53) this notion have been reported previously. We observed that phosphorylation of the DNA damage-indicator histone (H2A.X) occurs only at 4 h post selenium treatment or later, which suggests that the early phosphorylation of p53 at the N-terminal serine-15 residue (detectable at 1-2 h post treatment) is an upstream event and thus this phosphorylation of p53 may not be dependent on DNA damage signals which induces phosphorylation of H2A.X (Fig. 2) . Recently, activation of ATM kinase by chromatin modification (but without involving DNA damage) has been observed (54) , which opens up the possibility that selenite-induced early phosphorylation of p53 may be mediated by chromatin modification rather than DNA degradation, or via some other mechanisms. Further study is needed to better understand this.
We observed an abrupt increase in the total amount of p53 accumulation in the nuclei after selenite treatment, suggesting for transcriptional activation of p53 molecules (Fig. 3) . Interestingly, Western blot experiments revealed that majority of the phosphorylated (at serine-15 residue) p53 species were associated with the nuclear fraction (Fig. 3C) . Nuclear accumulation of serine-15 phosphorylated-p53 is consistent with the literature which correlates with interference of the nuclear export signal of p53 molecule. A small fraction of residual p53 was also found in the nuclear fraction without detectable phosphorylation at serine-15 residue. The p53 proteins without serine-15 phosphorylation may also represent functional p53 species, as it was reported that serine-15 phosphorylation is dispensable for p53 transcriptional activity (55) . The p53-DNA-binding activity observed in the untreated control sample coincided with the residual (not phosphorylated at serine-15) amount of p53 (Fig. 4) . We also observed that the amount of nuclear p53 is proportional with its binding to the consensus DNA sequence, suggesting that the nuclear p53 is transcriptionally active.
Activated p53 molecules bind with promoters of target genes having functional p53-binding elements to turn on expression of those genes. Our observation of the increased production of mRNAs of p21, Bax, and DR5, and microRNAs (miR-34b miR-34c) suggest that treatment of prostate cancer cells with selenite triggers transcriptional activation of p53 (Fig. 5A and B) . We did not observe induction of miR-34a in the same experimental condition. MiR-34a is located in chromosome 1 at the p36 locus (Chr1p36) which is frequently deleted in many cancer types (48) . Deletion of miR-34a gene or inactivation of miR-34a promoter sequence may be underlying reasons for its non-induction in LNCaP cells which is not known at this time. Alternatively, these observations may indicate differential regulation of miR-34a and miR-34b/c in response to selenite treatment. We also observed that treatment of LNCaP cells with selenium increases protein products of p53-target genes suggesting that the activation of p53 proceeds up to translation of the transcripts of p53-target genes (Fig. 5C ).
Both p53-dependent and p53-independent apoptosis processes are known to occur in cells due to various toxic insults. Rapid transcriptional activation of p53 in prostate cancer cells by selenium prompted us to explore whether the tumor suppressor p53 plays any role in selenium-induced apoptosis process in these cancer cells. Our functional knockout studies with siRNA against p53, as well as transfection of LNCaP prostate cancer cells with dominant-negative mutated p53 gene (p53-P151S), showed that the tumor suppressor p53 plays a causal role in selenium-induced apoptosis in these cancer cells (Fig. 6) . Moreover, we observed that this concentration of selenium (2.5 μM) does not trigger detectable apoptosis in the p53-negative (p53-/-) PC3 human prostate cancer cells (not shown), which suggests that physiologically achievable doses of selenium may not show the same effect in cells where p53 function is compromised due to mutation or deletion of the p53 gene.
Choice of appropriate seleno-compounds and in vivo monitoring of selenium's effects will be possible only if we have proper molecular understanding about how selenium exerts its anticancer action. Our present findings show that selenite (a natural form of selenium) at physiologically achievable doses can transcriptionally activate the tumor suppressor p53 in prostate cancer cells, and that the seleniteinduced apoptosis in prostate cancer cells is dependent on the function of p53. Selenium was observed to show significant effect in reducing incidence of prostate cancer, but no noticeable benefit was perceived in preventing recurrence of skin cancer (4) . Though the actual reason for this discrepancy is unknown, occurrence of high rate of p53 mutation in skin cancer may be one plausible contributing mechanism, which needs further testing. Selenomethionine was selected for testing in the SELECT (Selenium and Vitamin E Cancer Prevention Trial) clinical trial for its efficacy in prostate cancer prevention which showed no beneficial effect (56) . The NPC trial used selenized yeast (cultured in selenite solution) as the source of selenium (4) which included both inorganic and organic species. We observed that while selenite effectively induces apoptosis in prostate cancer cells at physiologically achievable concentrations (2-3 μM), selenomethionine at even higher concentrations (50-100 μM) exerts no detectable effect on apoptosis (not shown). Unexpected results in the SELECT trial suggest that seleno-methionine may not be the right form of selenium for prostate cancer prevention, and extensive in vivo testing of various selenium species is needed to resolve this issue. Our findings suggest that selenite may be an appropriate form of selenium not only for prostate cancer prevention but also for treatment of prostate cancer, and that selenium's anticancer action may be substantially compromised where the function of p53 is deregulated by mutation or deletion of the p53 gene, or by endogenous and exogenous factors that interfere with the activity of p53 molecule.
